Thermal unfolding of P. cepacia lipase was observed by adiabatic diŠerential scanning microcalorimetry in the absence and presence of calcium ions at pH 8, and thermodynamic parameters of unfolding were evaluated to analyze the unfolding mechanism of the enzyme. The temperature of unfolding was higher at higher concentrations of Ca 2＋ . From the Ca 2＋ concentration-dependence of the unfolding temperature, the number of calcium ions that dissociated from the enzyme molecule upon unfolding was estimated to be one. These results conˆrmed the validity of the unfolding mechanism proposed previously: NCa 2＋ øD＋Ca 2＋ , where N and D represent the native and denatured states, respectively, of the enzyme.
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Key words: calcium ion; diŠerential scanning calorimetry; lipase; thermal unfolding Lipase (EC 3.1.1.3) hydrolyzes triglycerides to produce free fatty acids and glycerols. This enzyme is used in the detergent, food, and pharmaceutical industries. 1) Pseudomonas cepacia lipase (PCL) is a commonly used lipases, [2] [3] [4] consisting of 320 amino acid residues with a molecular weight of 33,210, and its three-dimensional structure has been described. 5, 6) The enzyme contains a tightly bound Ca 2+ ion, being six-coordinated by Gln292, Val296, Asp242, Val296, and two water molecules. 6) Although bacterial lipases such as this one are promising for industrial use, they are vulnerable to heat, organic solvents, surfactants, and chelating compounds.
7) The thermal unfolding of PCL was studied by adiabatic diŠerential scanning calorimetry (DSC) and its unfolding mechanism was proposed as follows:
where N and D are the native and denatured states, respectively, of the enzyme. It is expected from this mechanism that the addition of excess Ca 2+ would stabilize PCL by shifting the equilibrium to the side of the native state. This phenomenon, if detected, would be direct evidence of the validity of Eq. 1. In this study, we observed the thermal unfolding of PCL by DSC in the presence of various concentrations of Ca 2+ , in a check of the validity of the unfolding mechanism.
The lyophilized preparation of puriˆed P. cepacia lipase was the gift of Amano Enzyme Co. (Nagoya, Japan). The protein concentration was measured spectrophotometrically with a molar absorption coe‹cient, e, of 37,000 at 280 nm. 9) Other chemicals were obtained from Wako Pure Chemical Industries Ltd. (Osaka, Japan). The buŠers used were MOPS (pH 8, 20 mM) and sodium phosphate (pH 7, 5 mM). The thermal unfolding of PCL was observed with a DSC (VP-DSC of MicroCal LLC, Northampton, MA) with a scan rate of +1 K W min. The DSC data were analyzed by Origin 5.0 software of MicroCal with an add-in program made by Dr. S. Kitamura of Osaka Prefectural University, on the basis of an algorithm developed by Dr. J. M. Sturtevant of Yale University. [10] [11] [12] [13] Figure 1 shows DSC traces of PCL observed at pH 8 in the absence and presence of Ca 2+ (CaCl2). A single asymmetric peak was observed for each case, and the peak temperature, tp, was higher with higher concentrations of Ca 2+ , as expected. For example, 0.1 mM Ca 2+ increased the tp by about 7 degrees. We examined the possibility of additional binding of Ca 2+ to the native enzyme. No binding heat was observed by isothermal titration calorimetry (with VP-ITC of MicroCal) when the Ca 2+ solution was added to a PCL solution at 10, 25, and 409 C. No essential diŠerences were seen for UV-CD spectra, UV absorption spectra, or ‰uorescence spectra (lex＝ 280 nm) taken in the absence or presence of Ca 2+ at 
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C (not shown)
. These results suggest that no additional binding of Ca 2+ to the native state PCL occurred when Ca 2+ was added and that the increase in tp with increasing Ca 2+ was due not to ligand-induced structural stabilization of the enzyme molecule itself but to a shift in equilibrium in Eq. 1 towards the native-state side.
The peak temperature, tp, at [Ca 2+ ]＝100 mM was lower than that at 10 mM (cf. Figs. 1(F) and 1(G) ). This``destabilization'' seemed to be caused by increased ionic strength, because a similar decrease in tp was observed upon the addition of mono-and divalent cations (see below).
To remove the bound Ca 2+ , the PCL solution was dialyzed against MOPS buŠer containing EGTA (2 mM, 3 hs), followed by dialysis by the buŠer without EGTA (twice, 1 hour each). An example of the DSC trace immediately after EGTA treatment is shown in Fig. 2(A) . For this case, the value of tp was lower by about 7 degrees than that seen on the DSC trace without EGTA treatment (Fig. 2(B) ). The bound Ca 2+ ion might stabilize the PCL molecule but is not essential for maintaining its three dimensional structure.
After completion of each initial scan, the sample solution was cooled in the calorimeter cell and rescanned, but no endothermic peak was observed during the second scan. 8) Although the reaction seemed to be irreversible, we analyzed the DSC traces on the basis of equilibrium thermodynamics, because Ca 2+ concentration-dependence of tp would not be detected if the reaction were truly irreversible, as in N Ca 2+ ªD+Ca 2+ . The same can be said for the PCL concentration-dependence of tp. 8) These phenomena indicate that there was a reversible interaction between the protein and Ca
2+
. Similar eŠects have been observed for seemingly irreversible denaturations, 12, 14, 15) and the DSC traces were successfully analyzed by the van't HoŠ equation. The unfolding mechanism of PCL would involve Eq. 1 followed by an irreversible process, 16) and it has been shown that DSC data for such a system can be analyzed on the basis of the van't HoŠ equation with little error. 15) The DSC traces were analyzed numerically on the basis of Eq. 1. The adjustable parameters were t1 W 2, the temperature of half unfolding at which [D] W [N]＝ 1, and Dhcal, the speciˆc enthalpy of unfolding at t1 W 2. The ratio D H vH W D H cal , with D H vH the van't HoŠ enthalpy and D Hcal (＝Dhcal×molecular weight) the molar calorimetric enthalpy, wasˆxed at unity. 8) Even when the ratio was set free to vary as an adjustable parameter, the value found was equal or close to 1.0. An example of the curve resolution is shown in Fig. 3 , where agreement between the experimental (closed circles) and the theoretical (solid line) results is satisfactory. Discrepancy between the experimental and the theoretical values in the region of 77-809 C could be due, at least in part, to the irreversible process described above. Values of the parameters thus obtained are given in Table 1 , together with those obtained in the presence of other cations (see below). Figure 4 (A) shows an ln [Ca 2+ ] vs. 1 W T1 W 2 plot, where T1 W 2 W K＝t1 W 2 W 9 C+273.15. The number of ligands, n, that dissociate from a PCL molecule upon unfolding can be evaluated from the slope S of the plot; that is, S＝-D HvH W nR.
11) The value of n thus obtained was 1.0±0.1, which was consistent with the structure of PCL 5, 6) and supports the validity of Eq. 1. In the presence of Ca 2+ , DSC traces in the posttransition region often were unstable (see Fig. 1(E) ), [PCL] 0 ＝3.7 mM, no CaCl 2 . pH 8 (20 mM MOPS buŠer). Circles show experimental results and the solid line shows the theoretical curve with the values in Table 1 probably because of precipitation. We did not do numerical analysis in such cases. When the values of tp were used instead of t1 W 2 as an approximation, the value of n estimated was 1.1±0.1 (Fig. 4(B) ). EŠects of mono-and divalent cations were examined as shown in Fig. 2 , and the values of the thermodynamics parameters are listed in Table 1 . No signiˆcant stabilizing eŠects were observed in the concentration range of ions used, suggesting that bound Ca 2+ cannot be replaced by the divalent cations examined. Rather, tp seemed to decrease with increasing concentrations of ions (Table 1 and Figs. 2(C)-2(E)). These results suggest that the PCL molecule is stabilized by intramolecular electrostatic interactions and that increased ionic strength attenuates the interactions, which might explain why the tp observed at [Ca 2+ ]＝100 mM ( Fig. 1(G) ) was lower than that at 10 mM (1(F)).
